mediate top states. In particular, for pp collisions at √ s = 13 TeV, the inclusive cross sections scale as σ cc ∼ O(20)σ bb ∼ O(20.000)σ tt at NNLO in QCD. Although selected results from ATLAS and CMS are also available, charm and bottom-quark hadro-production is being explored in particular at LHCb, which has provided distributions for heavy meson and baryon hadro-production at the fully differential level [30, 31] , together with results on correlations in the production of heavymeson pairs [32] . Charm and bottom production measurements are useful for better understanding the composition of the proton (an example is given in section 3), and the running behavior of the strong coupling constant α S .
Furthermore, the experimental extraction of the values of the masses of heavy quarks and their connection with theory, taking into account that quark masses act as fundamental parameters in the Lagrangian of the Standard Model, has attracted a lot of interest and efforts, but presents difficulties. In case of top-quarks, long-standing discussions concern the relation between the experimentally extracted mass and a rigorously defined theoretical mass [33] . On the other hand, in case of charm and bottom quark, besides the complications inherent the description of the transition between the perturbative regime and the non-perturbative one acting in the hadronization, the main theoretical issue is represented by the slow convergence of the perturbative series for quark masses in the onshell scheme. This is particularly serious in case of charm, for which recent calculations pointed out the absence of convergence at 4-loop [34] .
A recent review on top-quarks can be found, e.g., in Ref. [35] . In the following, we will concentrate in particular on the study of charm-quark hadro-production, by presenting some of the implications of theoretical predictions and experimental results at LHC, for astroparticle physics.
Charm hadro-production cross-section
Theoretical predictions for the total cc hadro-production cross-section including NNLO QCD radiative corrections have been presented in Ref. [36] for a wide range of energies and compared to experimental data from fixed target experiments, RHIC and LHC. These predictions have been obtained by an extension of the Hathor framework [11] , originally designed to compute tt hadroproduction cross-sections. The comparison of the NNLO predictions with the NLO ones turned out to show a good perturbative convergence even at energies far larger that those reached at LHC, and allowed to estimate K-factors related to NNLO/NLO ratios and to compare them with the more commonly used K-factors for the NLO versus LO predictions. An example of typical cross-section values and related K-factors is shown in Fig. 1 . The NNLO K-factor is smaller than the NLO one over the whole range of considered energies for both the scale choices µ R = µ F = m c and µ R = µ F = 2 m c . Furthermore, while the first choice produces smaller K-factors at lower energies, the second choice leads to flatter K-factors, with a NNLO K-factor staying within 1.5 even at the highest energy considered here (E p = 10 10 GeV in the laboratory frame, equivalent to about E CM ∼ 137 TeV in the center-of-mass reference frame), where the qg(qg)-channels dominates over the other initial-state partonic channels. The slope of the increase of the K-factor with E p at high energy is shaped by the small-x behavior of the parton luminosity and the hard scattering cross sections. On the other hand, at low E p , where all parton channels contribute at medium to large x significantly, the charm-quark mass m c is no longer negligible and the shape of both the NNLO and NLO K-factors is sensitive to charm production threshold effects [37] . NLO/LO µR = µF = 2 mc NNLO/NLO µR = µF = 2 mc NLO/LO µR = µF = mc NNLO/NLO µR = µF = mc Figure 1 : Total σ pp→cc as a function of the proton energy E p in the laboratory frame, including LO, NLO and NNLO QCD corrections, as compared to available experimental data from fixed target experiments [38] , RHIC [39, 40] , ALICE [41] , ATLAS [42] and LHCb [30] . ABM11 PDFs at NNLO, m c = 1.4 GeV and At the differential level, predictions for theoretical distributions for cc hadro-production are not yet available at NNLO. The state of the art is represented in this case by NLO QCD approaches matched to PS. In some of the available approaches and tools, EW corrections can be included as well. However, taking into account that these corrections are in general expected to be smaller than typical uncertainties due to renormalization and factorization scale variation, we neglect electroweak effects in the following. Theoretical predictions can be validated by comparison with experimental data from ALICE, ATLAS and LHCb. In particular, LHCb measured at both √ s = 7 TeV and 13 TeV differential cross-sections for D-mesons in both transverse momentum and rapidity, considering the rapidity range 2 ≤ y 0 ≤ 4.5, corresponding to mid-peripheral collisions. An example of comparisons of the experimental data at 7 TeV with the predictions by POWHEGBOX [43] + PYTHIA 6.4.128 [44] using the ABM11 [45] central PDF set at NLO,
T,c + 4m 2 c and a charm-quark pole mass parameter m c = 1.4 GeV (for further discussion concerning the choice of these input see Ref. [36] ), is presented in Fig. 2 , showing consistency of theory with data even in the largest rapidity bins: experimental data turned out to always lie within the theory uncertainty bands due to scale and mass variation, obtained by considering the interval m c ∈ [1.25 − 1.55] GeV and the (µ R , µ F ) combinations ∈ [(2, 2), (0.5, 0.5), (2, 1), (1, 2), (0.5, 1), (1, 0.5)] µ 0 . Similar agreement between data and theory was found even for charged D-mesons.
Implications of recent results of LHCb on Parton Distribution Functions
Results of LHCb concerning charm and bottom hadro-production have been included in recent PDF fits, due to the complementarity of their coverage in Bjorken-x with respect to that ensured by the data collected at HERA. In particular the HERA charm data allowed to probe the gluon x region 10 −4 ≤ x ≤ 10 −1 . On the other hand LHCb data, in particular those at large rapidity (∼ 4 -4.5) allowed to extend the range on both sides, giving rise to a total x coverage extending to the interval 10 −6 < ∼ x < ∼ 1. This extension is especially important in case of high-energy and very-highenergy collisions: in fact the higher are the energies, the more asymmetric gg initial states can come into play, characterized by x 1 1 and x 2 ∼ x F , with x F being the Feynman-x.
The first attempt to include LHCb data in PDF fits was performed by the PROSA collaboration [46] , using LHCb data at √ s = 7 TeV, in association with data from HERA to perform the fit, following a procedure similar to that originally used for performing the HERAPDF fit [47] , further extended to the inclusion of hadron collider data. Both, the absolute LHCb data (i.e. d 2 σ /d p T dy) and the ratio of data (dσ /dy)/(dσ /dy 0 ) in each p T bin were fitted, with dσ /dy 0 being the crosssection in the central bin 3 ≤ y 0 ≤ 3.5 of the total measured rapidity range 2 ≤ y 0 ≤ 4.5.
The resulting PDF best-fits, together with the accompanying eigenvectors corresponding to model, fit and parameterization uncertainties, extended PDF grids down to x ∼ 10 −6 and led to a reduced uncertainty for gluons in the region 10 −6 < x < 10 −4 with respect to previous fits.
A second attempt was performed by members of the NNPDF collaboration, using LHCb data at √ s = 7 TeV and 13 TeV to further constrain the most recent NNPDF fit. In particular, it turned out that the NNPDF3.0 fit [48] gives rise to uncertainty bands which open up dramatically for x < 10 −4 , where NNPDF3.0 PDFs are essentially unconstrained. Including LHCb data has led to a new fit, labeled as NNPDF3.0 + LHCb [49] , with modifications of the shape of the central gluon density as a function of x and reduced uncertainty band in the low x region. Although this fit is supposed to represent an improvement with respect to the NNPDF3.0 PDF version nowadays widely used at colliders, it is not yet publicly available, at least as far as we know.
We also notice that the ABM11 and ABM12 [50] fits, although having been done well before and thus non including any LHCb data, for low-x gluons turned out to have all their eigenvectors well included within the uncertainty bands of the PROSA fit and to present compatibility even with the NNPDF3.0 + LHCb uncertainty band. The considerations made above on charm hadro-production in QCD find an interesting application and test-bed in astroparticle physics, in the problem of the evaluation of prompt neutrino fluxes [36] . In particular, it is well known that the bulk of atmospheric neutrinos is due to the leptonic and semi-leptonic decay of light mesons (mostly π ± 's and K ± 's) originated by the interaction of primary cosmic rays (CR) impinging into the Earth's atmosphere with the atmospheric nuclei [51] . This conventional neutrino flux, peaked at neutrino energies E ν below 1 GeV and known to fall down quite rapidly with E ν , is investigated since many years (see e.g., Ref. [52] ). On the other hand, at higher energies, the IceCube collaboration has recently reported evidence for a leptonic flux extending at least up to the ∼ PeV energy region [53, 54] , whose origin is still under discussion. Although it is believed that a large portion of this flux has an astrophysical origin, i.e., it is due to neutrinos reaching the Earth from deep space, traveling almost undeflected from far galactic or extra-galactic sources, a rigorous investigation has to consider and quantify which fraction of these neutrinos can instead originate in the Earth's atmosphere. The latter process would be possible at energies like those explored by IceCube, thanks to semi-leptonic decays of D-mesons and baryons, eventually formed in the interaction of CR primaries with the atmosphere. At energies high enough this process is more effective in producing neutrinos than the process of conventional production described above because highly boosted π ± and K ± have a suppressed probability to decay in neutrinos, while crossing the Earth's atmosphere, whereas semi-leptonic decays would still be abundant for D-mesons and baryons, having a larger mass, a smaller life-time (τ 0, D ∼ 10 −22 s versus τ 0, π ∼ 10 −8 s) and decaying just immediately after their formation. This neutrino component is thus called prompt component. We have computed it in QCD, by describing CR interactions with the Earth's atmosphere in terms of nucleon-nucleon (NN) collisions and by using the same tools and input described in Section 2 as for the simulation of the NN → cc → D + X processes. In particular, predictions from POWHEGBOX + PYTHIA6 in the same configuration validated with respect to LHCb data at 7 TeV (see Fig. 1 ) were used even to compute the prompt neutrino flux presented in our paper [36] . More recently another group adopted a similar framework (POWHEGBOX + PYTHIA8 [55] ) together with the NNPDF3.0 + LHCb PDFs, getting predictions for prompt neutrino fluxes as well [56] , with a method very close to our one and same CR primary input fluxes. Our predictions, together with separate uncertainty bands due to scale, charm mass and PDF variation (the latter restricted to the 28 eigenvectors of the ABM11 NLO PDF fit), are shown in Fig. 3 , for five different CR primary fits [57, 58] . Actually, it is evident that at high energy, the astrophysical uncertainty related to our poor knowledge of primary CR fluxes becomes even more important than the QCD uncertainty. This means that if, on the one hand, these predictions can be further refined by a future improved QCD description of charm hadro-production including effects from higher order corrections capable of limiting/overcoming the huge scale uncertainty of the NLO computation, amounting to many ten percent, on the other hand, it is also indispensable to improve our knowledge of CR fluxes by means of forthcoming CR data from extended air shower experimental arrays, like e.g. the Pierre Auger Observatory.
The relative importance of conventional and prompt neutrino flux is presented in Fig. 4 .a, showing a transition energy, i.e. the energy where the prompt flux overcomes the conventional one, around E ν,trans = 6 +12 −3 · 10 5 GeV. Finally, a comparison of our predictions with other old [59, 60] and recent predictions [56, 61, 62] obtained during last year, is presented in Fig. 4.b, showing that all most recent predictions considered turn out to lie within our theoretical uncertainty band.
